Purpose: Retinoid isomerohydrolase RPE65 has received a tremendous amount of attention due to successful clinical gene therapy for Leber congenital amaurosis (LCA) cases caused by RPE65 mutations. This study aimed to evaluate the frequency of RPE65 mutations and the associated phenotypes based on exome sequencing. Methods: RPE65 variants were collected from exome sequencing data obtained from 2133 probands with different forms of hereditary retinal degeneration (HRD). Clinical data were collected from probands with homozygous or compound heterozygous variants in RPE65. Associated phenotypes were characterized based on clinical data. Results: Biallelic RPE65 mutations were detected in 18 families, including eight with LCA, five with early-onset retinal degeneration, four with fundus albipunctatus-like (FA-like) changes and one with high hyperopia. These cases accounted for approximately 3.0% (8/269) of LCA and 0.8% (18/2133) of HRD cases. An almost identical FA-like change was identified in seven patients from four unrelated families with RPE65 mutations. Classification of mutations suggested that FA-like changes may be associated with biallelic missense mutations in RPE65. Conclusion: Fundus albipunctatus-like (FA-like) change, a common characteristic fundus sign in RPE65 biallelic mutations, was unexpected but was confirmed by the finding that affected siblings from different families exhibited similar phenotypes. These results enrich our understanding of RPE65 mutation frequencies and their associated phenotypic variants.
Introduction
Retinoid isomerohydrolase RPE65, an enzyme encoded by the RPE65 gene (HGNC ID: 10294, OMIM: 180069) (Nicoletti et al. 1995) , is responsible for the conversion of all-trans-retinyl esters to 11-cis-retinol during visual phototransduction in the retinal pigment epithelium (Xue et al. 2004; Moiseyev et al. 2005) . Biallelic mutations in RPE65 are an important cause of Leber's congenital amaurosis (LCA) (Marlhens et al. 1997; den Hollander et al. 2008; Cideciyan 2010) , the most severe form of hereditary retinal degeneration (HRD) that causes individuals to be born blind. RPE65-associated LCA has gained a great deal of public attention as a result of a clinical gene therapy (Lee & Lotery 2017; Apte 2018; Kumaran et al. 2018) ; this new gene therapy targets LCA caused by RPE65 mutations and was recently approved by the Food and Drug Administration as the first directly administered gene therapy of its kind (https://www.fda.gov/NewsEvents/Ne wsroom/PressAnnouncements/uc m589467.htm).
The identification of patients with RPE65 mutations is a prerequisite for developing RPE65-targeted gene therapies. Patients with RPE65 mutations frequently manifest as LCA (Weleber et al. 1993; Gu et al. 1997; Morimura et al. 1998; Cideciyan 2010) , occasionally present as early-onset HRD or retinitis pigmentosa (Gu et al. 1997; Morimura et al. 1998 ) and rarely present as fundus albipunctatus (FA) (Schatz et al. 2011; Hull et al. 2016; Yang et al. 2017) or cone-rod dystrophy (Jakobsson et al. 2014) . RPE65 mutations are thought to be responsible for approximately 6% of all LCA cases in Caucasians (den Hollander et al. 2008 ) but for only a few LCA cases in Chinese populations (Xu et al. 2016) . However, most of these results are based on analyses of subgroups of patients that consist mostly of those with LCA. Neither the frequency of RPE65 mutations in all forms of HRD nor the variety of associated phenotypes has been well studied. As Whole exome sequencing (WES) and targeting exome sequencing (TES) provide genotype information for a group of genes in individuals with different phenotypes. These data provide a practical platform for performing genotypeguided phenotypic characterization (to determine to what extent the phenotype may vary) of genes in patients with different forms of related diseases have been analysed by WES. In the current study, sequencing variants of RPE65 were selected from our in-house data obtained from 2133 probands with suspected HRD who underwent WES or TES analysis. Biallelic potential pathogenic mutations were identified in 18 families with phenotypes associated with LCA, early-onset retinal degeneration (EORD), FA-like (FA-like) change or high hyperopia. Two of the 18 families with LCA were previously reported and also included in the current analysis, in which RPE65 mutations were detected by WES or Sanger sequencing. These results provide a brief overview of RPE65 mutation frequencies in addition to data indicating the phenotypic variation that is associated with RPE65 mutations.
Materials and Methods

Probands and family members
Data obtained from probands with different forms of genetic eye diseases and their available family members were collected from our Pediatric and Genetic Clinic, Zhongshan Ophthalmic Center, Guangzhou, China. The clinical data were recorded and the genomic DNA was prepared in our laboratory at the State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center. Written informed consent in accordance with the tenets of the Declaration of Helsinki was obtained from patients' guardians prior to the collection of clinical data and venous blood samples. This study was approved by the institutional review board of the Zhongshan Ophthalmic Center. Genomic DNA was prepared from leucocytes obtained from venous blood using a previously described method (Wang et al. 2010) .
Mutation detection
Our laboratory has so far collected inhouse exome sequencing data from 2133 probands with different forms of HRD, including WES data obtained from 1139 probands, TES data obtained from 994 probands and Sanger sequencing from one proband. The procedure used to perform WES was described in our previous study (Jiang et al. 2015; Li et al. 2015a) . In brief, exome as well as their adjacent intronic regions (at least 20 bp) were captured using the Agilent SureSelect Human All Exon Enrichment Kit (50M; Agilent, Santa Clara, CA, USA) array. The exome-enriched DNA fragments from the sample were sequenced by the Illumina HiSeq system (Illumina, San Diego, CA, USA) with an average sequencing depth of 125-fold. The reads were aligned with the consensus sequence (UCSC hg19) to detect variants by the Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/). Single nucleotide polymorphisms and small insertions and deletions (Indels) were detected by SAMTOOLS (http://sa mtools.sourceforge.net/) on the basis of a Bayesian statistical algorithm. Variant annotations were performed using SnpEff (http://snpeff.sourceforge.net/) and ANNOVAR (http://annovar.openbioinf ormatics.org/en/latest/), whereas the functional prediction of variants was predicted by dbNSFP (http://varianttools.sourcef orge.net/Annotation/DbNSFP). Targeting exome sequencing (TES) was performed in our laboratory and targeted 126 genes (including RPE65 and many related genes) frequently mutated in genetic eye diseases in the Chinese population. Sequencing variations in RPE65 were retrieved from the 2133 probands.
Variants detected by WES and TES were initially filtered by multi-step bioinformatics analyses, as described in our previous study (Jiang et al. 2015; Li et al. 2015a) . Candidate variants were also filtered by comparing our data with those available in existing databases, including the Human Genome Mutation Database (http://www. * RPE65 mutations in this family were detected by Sanger sequencing and reported in our previously study (Li et al. 2011 ). † RPE65 mutations in this family were detected by WES and described in our previous study (Chen et al. 2013 ). ‡ Visual acuity for these children was obtained at last examination. § Normal appearance at posterior fundus but very mild tapetoretinal degeneration in mid-peripheral retina.
e185 Splicing Finder (http://umd.be/HSF3/). Candidate disease-associated variants were confirmed by Sanger-dideoxy sequencing, and cosegregation in family members was further evaluated. Probands with biallelic rare variants in RPE65 were selected for further analysis. In rare cases, one heterozygous mutation, c.1430A>G (p.Asp477Gly) (Bowne et al. 2011) , has been reported to cause autosomal dominant retinitis pigmentosa, and this mutation was therefore checked.
Phenotype characterization
Routine clinical data obtained from all probands with biallelic RPE65 mutations were reviewed. Additional examinations were carried when necessary, including electroretinogram and fundus photographs. Parents or siblings were examined if available. Phenotypes were classified based on symptoms, visual acuity, fundus changes and electroretinogram data. Two previously reported families with LCA in which RPE65 mutations were detected by either WES or Sanger sequencing were also included in the current analysis.
Results
Biallelic mutations detected in RPE65
In total, biallelic mutations were detected in 18 families (Table 1, Fig 1) , with 17 detected by WES or TES and one was detected by Sanger sequencing. These mutations involved 27 different rare nucleotide changes, including missense variants (16), stopgain (four), frameshift insertions (two), frameshift deletion (one), splicing donors (two) and splicing acceptors (two). Twelve mutations were novel while the other 15 have been reported in previous studies (Table 1) . Of these 27 variants, 26 were predicted to be damaging by routine SIFT or Poly-Phen-2 tools. The rest one, p.Tyr122His was detected in a proband with high hyperopia and predicted to be benign or tolerated by Polyphen-2 and SIFT but to be possible disease causing by Muta-tionTaster and CADD. All but one mutation (c.295G>A) was very rare, with no homozygote detected based on the existing database, and the frequencies ranged from none to 0.0002 for 27 mutations). The c.295G>A (p.Val99Ile) mutation had a frequency of 0.0012 for all and 0.0048 for Southern Han, with only one homozygote detected based on the ExAC and 1000 Genomes database. These mutations were confirmed by Sanger sequencing and cosegregated with the disease in the families (Fig 1  and Fig. S1 ). Of the 18 families with RPE65 mutations, parental analysis was available in 17 families and the results suggested that the two mutations in the 17 families were located in different chromosomes while the parents from one family (F03) were not available. It is difficult to cover the c.713C>G and c.1543C>T mutations in family F03 by the same primers because of a 9738 bp distance between them. However, these two variants are more likely to be biallelic as these two variants were neither observed in the 2132 of the 2133 HRD cases nor in 2871 cases with non-HRD diseases in our in-house exome data. None of the probands in the 18 families had mutations in the RDH5 or RLBP1 genes that are known to be associated with FA. The c.1430A>G (p.Asp477Gly) variant associated with autosomal dominant retinitis pigmentosa was not detected in any of the 2133 probands.
Phenotypic characterization
Of the 24 affected individuals in the 18 families, ophthalmological data were available for 21, including all 18 probands and three affected siblings ( Table 2 ). The initial symptoms in the probands were night blindness in seven families, poor vision or no pursuit of objects in six families, nystagmus with poor vision in three families, nystagmus in one family and suspected esotropia in one family. Symptoms appeared as early as 4 months old and no later than 5 years old. Visual acuity ranged from finger counting to normal. Fundus changes ranged from very mild to easily recognizable. Two major types of fundus changes were visualized, including white dot deposits in the mid-peripheral retina (Figs 2 and  3) and tapetoretinal degeneration ( Fig. 4) . Macular degeneration was obvious in two probands who also had tapetoretinal degeneration (Fig. 4) . Bone-spicule-like pigment deposits were not observed in any of the 21 affected individuals. Cone and rod responses on electroretinogram varied from nonrecordable to normal, although typical fundus changes were present. The diseases in the 18 families with RPE65 biallelic mutations could be classified into four groups: LCA in eight families, EORD in five families, FA-like changes in four families and high hyperopia in one family.
New common and rare phenotypes
Of the four families with FA-like changes, three had affected siblings (Fig. 1, F01-F03) , and one was a singleton case (Fig. 1, F04 ), suggesting an autosomal recessive trait. Similar fundus changes that were typical for FA-like changes were documented in the mid-peripheral region of the retina (Fig. 2 and 3) . The type of fundus changes was almost identical between the eyes of each individual, between affected siblings in three families (F01-F03) and similar among all seven patients from unrelated families (F01-II:1, F01-II:2, F02-II:1, F02-II:2, F03-II:2, F03-II:3 and F04-II:1) . The initial symptoms observed in the seven patients with FA-like changes and RPE65 mutations was night blindness, suggesting a milder phenotype than was found in those in whom poor vision was the initial sign. Five of the seven patients with FA-like changes had visual acuity better than 0.3 (F01-II:1, F01-II:2, F03-II:2, F03-II:3 and F04-II:1), and of these, two had visual acuity close to normal and exhibited mild or moderate changes on electroretinogram, even though they had typical retinal changes of FA-like changes (F02-II:2 and F03-II:2). One proband in F18 initially visited our clinic due to suspected esotropia. A clinical examination revealed high hyperopia at 2 years and 5 months of age. The boy had a refraction of +6.00/ OD and +6.50/OS at that time and a refraction of +5.25/OD and +6.25/OS when he reached 5 years and 2 months old. This patient had two variants (c.295G>A/p.Val99Ile and c.364T>C/ p.Tyr122His) that were predicted to be benign by PolyPhen-2, damaging or tolerated by SIFT, and disease causing by MutationTaster and CADD. A recent examination showed a normal macula on optical coherence tomography, normal cone and rod responses on an electroretinogram performed at 6 years and 3 months of age, and mild tapetoretinal degenerative changes in the mid-peripheral retina (Fig. 5) . High hyperopia or short axial length was recorded in six of the 21 affected individuals ( Table 2) . Long-term follow-up will be performed to document any progress in fundus retinal changes, as progress from a normal-like retina to typical tapetoretinal degeneration was observed in one proband (F05-II:1) with LCA and RPE65 mutations after a follow-up of 6 years (Fig. 5 ).
Discussion
Of the 2133 families with HRD, 269 had an initial diagnosis of LCA. Therefore, biallelic RPE65 mutations contributed to approximately 3.0% (8/269) of LCA and 0.8% (18/2133) of HRD cases. Clinically, diseases in 13 of the 18 families could be classified as LCA or EORD, which are common phenotypes previously reported to be associated with RPE65 mutations (Gu et al. 1997; Marlhens et al. 1997; Morimura et al. 1998; Thompson et al. 2000; Simovich et al. 2001; Yzer et al. 2003; Booij et al. 2005; El Matri et al. 2006; Simonelli et al. 2007; Li et al. 2009; Xu et al. 2012; Kabir et al. 2013; Verma et al. 2013; Astuti et al. 2016; Katagiri et al. 2016 ). In the remaining five families with biallelic RPE65 mutations, we unexpectedly found that the phenotypes were FA-like changes in four families and high hyperopia in one family.
Fundus albipunctatus-like (FA-like) changes were observed in seven patients from four families, suggesting that FA-like changes are a common phenotype of RPE65-associated retinopathy. Several lines of evidence support this notion, including the fact As observed in the current study, patients with FA-like changes may have relatively good or even normal visual acuity as well as preserved rod-cone function for many years (Hull et al. 2016 ). The mutations identified in all four families are missense mutations, and two of the mutations (c.1399C>G and c.1543C>T) were shared by two different families. This may indicate that some missense mutations are associated with this phenotype. RPE65 is not usually screened in patients with FAlike changes in traditional mutational analysis, especially in phenotype-guided candidate screening. Another possibility is that FA-like changes may be seen in only certain periods of the disease course, and longer-term follow-up may resolve this issue. Nevertheless, recognizing this new common phenotype may be helpful for identifying patients with RPE65-associated retinopathy so that they can benefit from potential RPE65 gene therapies. It is unusual that one proband had high hyperopia and biallelic RPE65 mutations. These mutations may not necessary be causative, but they may have caused a mild phenotype: high hyperopia with mild or late-onset retinal dystrophy. Currently, no firm evidence demonstrates this causation, but several findings imply a disease-causing effect: (1) high hyperopia was a common feature as it was recorded in six of the 21 affected individuals examined in this study (Table 2) ; (2) RPE65 biallelic mutations are very rare in both our in-house data and existing database; (3) of the two mutant alleles, one (c.364T>C) is novel and absent in the existing database, while the other was a known causative mutation; and (4) a mild phenotype consisting of normal visual acuity or late-onset retinal dystrophy was previously associated with hypomorphic mutant alleles (Lorenz et al. 2008; Li et al. 2015a Li et al. ,2015b Hull et al. 2016; Samardzija et al. 2016) . Similarly, progress from a normal-like retina to typical tapetoretinal degeneration was observed in one proband (F05-II:1) with LCA and RPE65 mutations after 6 years of follow-up ( Fig. 5 ). We expect that further studies using longer-term follow-up will determine whether there is any progress in the fundus retinal changes observed in the proband F18-II:1.
In summary, genotype-guided phenotype characterization not only leads to the identification of additional common phenotypes associated with biallelic RPE65 mutations but also reveals the overall frequency of RPE65-associated eye diseases. Similarly, more information related to many other genes can be obtained by performing genotypeguided phenotype clarification than when using traditional phenotypeguided candidate gene analysis.
